Detailed studies suggest that the level of inbreeding depression may vary between populations. In a study of Scots pine from Finland, the level of inbreeding depression was much lower in northern than in southern populations. We have examined theoretically whether population genetic factors, such as the level of sel®ng, intensity of selection against heterozygotes or homozygotes, level of mutation, a bottleneck, ®nite population size, or the level of polyembryony could account for this dierence. Higher sel®ng or stronger selection against heterozygotes in the north, both at biologically reasonable levels, appear to produce changes consistent with the observed dierences and we consider these to be the most likely explanations. In addition, the dierences could have accumulated by these mechanisms over the age of the northern population, %100 generations. Finally, the dierences generated by these factors could still be maintained in the face of reasonable levels of gene¯ow from the south. Such a comprehensive theoretical investigation of this example has given some general insight into the potential in¯uence of these evolutionary factors on the level of inbreeding depression and provides an approach that could be used to understand similar phenomena in other examples.
Introduction
Understanding the factors that in¯uence the level of inbreeding depression has proved to be a challenging and fruitful research arena in recent years, both from an empirical and theoretical perspective (e.g. Charlesworth & Charlesworth, 1987; Husband & Schemske, 1996) . It appears that most organisms express some level of inbreeding depression for some ®tness components, but the estimated inbreeding depression in conifers is among the highest in any group of organisms (e.g. Koski, 1971; Park & Fowler, 1982; Namkoong & Bishir, 1987) , with estimates indicating that in some species, an average individual may have 10 heterozygous recessive lethals (or lethal equivalents). Examination of the factors that aect inbreeding depression in a group as extreme as conifers may provide insight into inbreeding depression in general.
The frequency of alleles reducing ®tness in a population is a function of a number of factors, e.g. the mutation rate, the present and past level of inbreeding, the amount of selection against the alleles as homozygotes and heterozygotes, the present and past eective population size, and, in conifers, the level of polyembryony. If these parameters vary among populations, then the expected inbreeding depression (or number of lethal equivalents) may also vary among populations.
KaÈ rkkaÈ inen et al. (1996) showed that populations of Scots pine, Pinus sylvestris, from northern Finland have a statistically signi®cantly lower number of lethals than those from southern Finland. They proposed that this dierence in inbreeding depression could be caused by either more self-fertilization in northern than in southern populations, or stronger selection against detrimental alleles in the northern than in the southern populations. However, they did not explore theoretically how large an eect dierences in these parameters would potentially have on inbreeding depression. Here we examine these hypotheses, as well as the potential impact of dierences in mutation rate, polyembryony, eective population size, and a bottleneck on inbreeding depression. In addition, because the northern populations appear to be only % 100 generations old (KaÈ rkkaÈ inen et al., 1996) , we examine the time to reach equilibrium proportions after colonization from the south.
Before we describe the model, let us introduce the phenomenon of polyembryony. In conifers, multiple embryos may develop in a given ovule but only one survives in the mature seed (e.g. Orr-Ewing, 1957; Koski, 1971; Grin & Lindgren, 1985; Latta, 1995) . In polyembryony as found in conifers, all the embryos within an ovule contain the same maternal gamete, whereas the fertilizing paternal gametes are assumed to be independent of each other when there is outcrossing and re¯ect segregation from the maternal genotype, i.e. are not necessarily identical, when there is self-fertilization. Although there can be more than two embryos per ovule, we will assume below that there are either one or two embryos per ovule both because these are by far the largest classes in Scots pine and because examination of some theoretical examples (Hedrick, unpub.) demonstrates that this adequately describes the phenomenon.
The model

Estimate of number of lethal equivalents
Let us assume that an individual heterozygous at a single locus with one embryo per ovule is selfed. Assume that the ®tnesses (used here as synonymous with viability) of genotypes A 1 A 1 , A 1 A 2 and A 2 A 2 are 1, 1 ± hs and 1 ± s, respectively, where s indicates the level of selection against the homozygote A 2 A 2 (s 1 for a lethal) and h indicates the level of dominance. The average ®tness (viability) of the selfed progeny is then
For n such identical and independent loci, the ®tness is
and the proportion of ovules with no seeds is
When there are two embryos per ovule, at most only one can survive as a seed. However, at an earlier stage, depending upon their relative ®tnesses at locus A, either both survive, one or the other of them survives, or both die. When both survive, then we assume that a random embryo matures into a seed. As an example, let us assume that the genotypes of the gametes from the maternal plant are both A 1 and that the two pollen grains have alleles A 1 and A 2 . Because the A 1 A 1 embryo survival is assumed to be unity, the probability that both embryos die is 0, the probability that only the A 1 A 1 embryo survives is hs, the probability that only the A 1 A 2 embryo survives is 0, and the probability the both survive is 1 ± hs. If it is assumed that in this last case a random embryo survives, then the proportions of A 1 A 1 and A 1 A 2 surviving overall are (1 + hs)/2 and (1 ± hs)/2, respectively. The proportions of embryos that survive for this and other combinations of maternal and paternal gametes are given in Table 1 .
Therefore, for two embryos per ovule, when a heterozygous individual is selfed, the ®tness is
For n such loci, the ®tness is
If there is a proportion x 1 of ovules with one embryo and a proportion x 2 of ovules with two embryos, then the ®tness is
If s 1, then this expression becomes 
The proportion of empty seeds for n loci is
This equation can be solved to obtain the estimate of the number of lethal equivalents as
If it is assumed that there is some estimate of random environmental mortality from the observed proportion of empty seeds from randomly outcrossed, unrelated individuals, E O * , then the overall observed proportion of empty seeds from sel®ng, E S * , assuming multiplicative eects, is
This value can then be used in expression (4b) to estimate the number of lethal equivalents. The primary sel®ng rate (S), the rate of sel®ng at fertilization before any selection, can be estimated from
where S m is the sel®ng rate measured at the seed stage after some selection could have occurred and d 1 À w S aw O where w O is the ®tness of outcrossed zygotes (see Lande et al., 1994) .
Population frequencies
Let us assume mutation is unidirectional with the mutation rate from A 1 to A 2 equal to u. Further, let the (primary) rate of sel®ng in the population be S and the rate of outcrossing be 1 ± S. Therefore, selection will act to reduce the frequency of the detrimental allele and mutation will increase its frequency, leading to a mutation±selection equilibrium. The proportion of selfing will in¯uence the equilibrium allele frequency based on the mutation±selection balance (Lande & Schemske, 1985) as well as the rate of allele frequency change (Hedrick, 1985, p. 158 ). If we let the frequencies of alleles A 1 and A 2 be p and q, then Table 2 gives the expected progeny frequencies when there is only one embryo per ovule. Using these values, assuming that the frequency of parental genotypes A 1 A 1 , A 1 A 2 and A 2 A 2 are P, H and Q, respectively, and that the ®tnesses of these genotypes are as given above, the frequencies of the genotypes in the progeny are
where w 1 is the sum of the right side of the above equations when multiplied by w 1 . The frequency of empty seeds, those with no viable embryo, is
Using the analogous frequencies of gametes as in Table 1 for two embryos per ovule, then the frequencies of the three genotypes are Table 2 The frequency of dierent types of progeny when there is either sel®ng or outcrossing and one embryo per ovule
Maternal parent Progeny
Genotype Frequency where w 2 again is the sum of the right side of the above equations when multiplied by w 2 and
If we assume that the number of lethal equivalents (n le ) in an individual is the number of loci for which they are heterozygous for a lethal allele, then
where n * is the number of loci that can carry a lethal allele. The number of lethal equivalents is therefore a direct function of the heterozygosity obtained from the above equations. Only if s ( 1, will a substantial proportion of detrimental alleles be in homozygotes, resulting in an underestimate of the number of lethal equivalents. Using the number of lethal equivalents estimated from (4b) and the level of equilibrium heterozygosity from expressions (7b) and (8b), then from expression (9a), an estimate of the number of loci with lethals is
Results
Estimate of level of polyembryony
Sarvas (1962) estimated the frequencies of P. sylvestris ovules with dierent numbers of embryos from ®ve Finnish locations. For the 840 ovules examined, 392, 394, 52 and 2 had 1, 2, 3 and 4 embryos, respectively, with a mean of 1.60 embryos per ovule. Below we will examine the eect of variable numbers of embryos and then, following Savolainen et al. (1992) , assume that there were only ovules with either one or two embryos and that the mean number of embryos was 1.6, with 0.4 of the ovules having one embryo (equal to x 1 below) and 0.6 with two embryos (x 2 ).
Estimate of number of lethal equivalents
As discussed above, let us assume that the proportion of ovules with one embryo is 0.4 (x 1 ) and that the remainder have two embryos (x 2 0.6) (Sarvas, 1962; Savolainen et al., 1992) . Further, assume that here we are considering only lethals, so that s 1, and that their average dominance is re¯ected by h 0.02, the best general estimate obtained from Drosophila melanogaster (e.g. Simmons & Crow, 1977; Charlesworth & Charlesworth, 1987) . Then from expression (3b), w S 0.818. In the samples from the south of Finland, E O * 0.248 and E S * 0.865 (KaÈ rkkaÈ inen et al., 1996) so that using expressions (4b) and (5), the number of lethal equivalents is estimated to be 8.54. In the samples from northern Finland, E O * 0.237 and E S * 0.754 (KaÈ rkkaÈ inen et al., 1996) and the estimate of the number of lethal equivalents is 5.63. In other words, the estimated number of lethal equivalents in the north is 65.9% of that in the south, i.e. there is a 34.1% reduction in the number of lethal equivalents. These estimates are close to the estimates obtained by KaÈ rkkaÈ inen et al. (1996) using the approach of Koski (1971) , and higher than the estimate they obtained using the approach of Sorensen (1969) . However, the approach of Koski does not incorporate environmental mortality and the approach of Sorensen does not incorporate polyembryony, making the new estimates more comprehensive.
Estimate of primary sel®ng rate
The estimated primary sel®ng rates from the south and north Finnish populations are 0.016 and 0.071, respectively (KaÈ rkkaÈ inen et al., 1996) . Using expression (6) and assuming that w S 1 À i Ã S and w O 1 À i Ã O , the estimates of the primary sel®ng rates in the south and north are 0.083 and 0.192, respectively. We should note that these estimates are potentially in¯uenced by two dierent factors but in opposite directions. First, expression (6) does not include the eects of polyembryony and therefore may overestimate the rate of primary sel®ng (Lande et al., 1994) . Secondly, we have used observed estimates of empty seeds from open-pollination rather than only outcrossed seeds, which should lead to an underestimate of the primary sel®ng rate (however, in Scots pine these values are quite close; KaÈ rkkaÈ inen et al., 1996) . Because these eects probably counter each other to some extent and we are primarily interested in the relative dierences in the south and north populations, we feel these estimates are reasonable for our analysis below.
Effects of various parameters on equilibrium heterozygosity
The above sets of equations for genotypic frequencies can be iterated until there is an equilibrium to examine the eects of the various parameters. In the following examples, the rate of mutation per generation is assumed to be either 10 ±4 or 10 ±5 , rates consistent with the discussion for plant lethal mutation rates in Lande et al. (1994) and KaÈ rkkaÈ inen et al. (1996) . First, Fig. 1 gives the equilibrium heterozygosity frequency, H e , for dierent levels of two embryos (x 2 ) and three levels of sel®ng S when u 10 ±5 , s 1, and h 0. When x 2 0 (only one embryo per ovule), and S > 0.05, then H e % 4u/S (Lande & Schemske, 1985) . When x 2 1 (only two embryos per ovule), then H e % 16u/3S. When there is a proportion x 2 of ovules with two embryos, then H e % 4u(3 + x 2 )/3S. Overall, the level of equilibrium heterozygosity when x 2 increases from 0 to 1 is increased by 41% when S 0, and is increased by % 33.3% when S > 0.05. The equilibrium frequency of empty seeds, E, when x 2 0 is equal to u. When x 2 1, then E % 2u/S if S > 0.05.
The level of dominance has a large eect on the equilibrium heterozygosity (Fig. 2) . For example, when h increases only from 0 to 0.02 for u 10 ±5 , the equilibrium heterozygosity decreases 34.7%. On the other hand, an increase in selection against homozygotes an order of magnitude larger (not shown), from s 0.8 to 1.0 for u 10 ±5 , results in a decrease in equilibrium heterozygosity of only 8.9%. The basis of this dierence in the eectiveness of selection against heterozygotes and homozygotes becomes clear when it is realized that for most of the situations examined here, approximately one to two orders of magnitude more alleles are in heterozygotes than in homozygotes. The level of sel®ng also has a large eect and even a small increase in sel®ng will reduce the equilibrium heterozygosity considerably (Fig. 3) . For example, when the level of sel®ng is increased from S 0 to S 0.05 and u 10 ±5 , then the equilibrium heterozygosity is reduced by 87.8%.
Estimate of the number of loci capable of producing recessive lethal mutations
The number of loci capable of producing recessive lethal mutations, n * , can be estimated with expression (9b), which is a function of the estimate of the number of lethal equivalents and the equilibrium heterozygosity. Fig. 1 The equilibrium level of heterozygosity for dierent levels of two embryos (x 2 ) and three levels of sel®ng when there is a completely recessive lethal (s 1, h 0) and a mutation rate of 10 ±5 . Fig. 2 The equilibrium level of heterozygosity for dierent levels of dominance and two mutation rates for a lethal (s 1), x 2 0.6, and a sel®ng rate of 0.1.
To obtain the general range of these estimates, let us use the estimate of lethal equivalents in the south and north and the equilibrium heterozygosity for u 10 ±4 and 10 ±5 , given S 0.083, h 0.02, s 1 and x 2 0.6. For u 10 ±4 , H 0.00392 and the estimate of n * is 2181 and 1438 in the south and north, respectively, somewhat lower than the number of 5000 often given for Drosophila. On the other hand, for u 10 ±5 , H 0.000402 and the estimate of n * is 22 244 and 14 005 in the south and north, respectively, higher than the Drosophila estimate. The simplest explanation is that the average mutation rate is somewhere between u 10 ±4 and 10 ±5 (this is consistent with Lande et al., 1994 and KaÈ rkkaÈ inen et al., 1996) and that the number of loci capable of producing recessive lethal mutations is intermediate between these estimates. We should note that some previous estimates have been much lower (Koski, 1971) or much higher (Namkoong & Bishir, 1987) .
Possible explanations for the difference in lethal equivalents in the south and north
As a baseline, let us determine the equilibrium heterozygosity for a given set of parameters that are reasonable for the southern samples, and then examine how changes in these values may in¯uence the equilibrium heterozygosity (the relative patterns are similar for other levels of these parameters). Let us assume that the ®tness of a homozygote is zero, i.e. s 1, the level of dominance is h 0.02 and the mutation rate is 10 ±4 . Assume that the estimated level of sel®ng in the south is 0.083 (KaÈ rkkaÈ inen et al., 1996) and the estimated level of polyembryony is described by x 2 0.6. With these assumptions, H e 0.003916 in the south.
Let us now determine how large a change is necessary from these values to result in a 34.1% reduction in equilibrium heterozygosity, as found for the dierence in lethals equivalents between the northern and southern samples (Table 3) . First, using the expressions above, small changes in two factors can result in this reduction, i.e. an increase in dominance from h 0.02 to h 0.054 and an increase in sel®ng from S 0.083 to S 0.146 (note that the estimate of the primary sel®ng rate in the north is 0.192, larger than this value), making these likely factors to be involved. Further, as we will discuss below there is related evidence supporting these factors.
Secondly, two other factors Ð a reduction in the mutation rate and a sel®ng pulse Ð can also result in this change. From iteration of the equations above, a reduction in the mutation rate of 34% will result in a similar reduction in the equilibrium heterozygosity. Also a sel®ng pulse of S 0.30 for ®ve generations will result in a similar reduction in heterozygosity. However, as soon as the sel®ng pulse is discontinued, the heterozygosity level quickly begins to increase (see below).
Thirdly, three other factors Ð a bottleneck, ®nite population size, and stronger selection in the north against homozygotes Ð can also result in a heterozygosity reduction, but appear to be unlikely explanations. To determine the eect of a bottleneck and ®nite population size, the average of 5000 Monte Carlo simulations to generate genetic drift and the above expressions were utilized. From these simulations, a ®ve-generation bottleneck of three individuals or a constant population size of 125 were necessary to result in the appropriate reduction in heterozygosity. Both of these conditions appear rather stringent (see discussion below). To determine the eect of homozygous selection, it was assumed that s 1 in the north and then the level of selection in the south necessary to result in a dierence of 34.1% in heterozygosity was determined. In this case, it is necessary to have s 0.58 in the south for the needed dierence. Finally, a decrease in the number of embryos to only one per ovule (x 1 1), the maximum change possible, was insucient to reduce the heterozygosity level by 34.1%.
It is also important to examine how quickly these factors can result in a change of lethal equivalents, remembering that Scots pine reached the northernmost areas of Finland only 8000 years ago (HyvaÈ rinen, 1976) . Using the life expectancy data of Sarvas (1962) , this was % 100 generations ago (KaÈ rkkaÈ inen et al., 1996) . Again using the expressions above, as well as simulations for the bottleneck and ®nite population size, the pattern of Fig. 3 The equilibrium level of heterozygosity for dierent levels of sel®ng and two mutation rates for a recessive lethal (s 1, h 0) and x 2 0.6. heterozygosity was monitored over time. Figure 4 gives the expected time course of heterozygosity as a result of dierences in selection against heterozygotes (sel®ng and mutation as given in Table 3 ) and shows that it is very possible for these factors to in¯uence heterozygosity in 100 generations or fewer. Further, a dierence in selection against homozygotes (not shown) would result in a pattern of heterozygosity very similar but slightly slower than that for mutation, so it could also result in the heterozygosity pattern in this time period.
Figure 5 demonstrates the expected change over 100 generations for a sel®ng pulse, a bottleneck, and population size for the values given in Table 3 . For both the bottleneck and sel®ng pulse, the population would have recovered to the initial levels by 100 generations or fewer. The recovery from the sel®ng pulse occurs immediately after the pulse ceases and is initially similar to the decline and then asymptotes to the original equilibrium. On the other hand, the greatest average eect of a bottleneck does not occur immediately after the bottleneck, but is delayed to between generations 10±15 and then only recovers at a rate slower than the decline. Because of the low frequency of the lethal, the bottleneck generally results in loss of the lethal but does result in an increase (mostly to 0.167 with three individuals) in some replicates. The higher frequencies are rapidly reduced by selection, whereas the restoration of the lethal in the majority of replicates by mutation occurs more slowly, so that the average declines for a number of generations before increasing Table 3 The possible causes and their evaluation for the dierence in lethal equivalents in populations of Scots pine population from the south and north of Finland Fig. 4 The heterozygosity over 100 generations based on the equilibrium in the south with h 0.02, S 0.083, u 10 ±4 , s 1 and x 2 0.6 in an in®nite population resulting from changes in (a) selection against heterozygotes (dominance), (b) sel®ng and (c) mutation. Fig. 5 The change in heterozygosity based on the equilibrium in the south with h 0.02, S 0.083, u 10 ±4 , s 1 and x 2 0.6 in an in®nite population resulting from changes in (d) a sel®ng pulse, (e) a bottleneck and (f) ®nite population size.
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back to the equilibrium. The decline in heterozygosity for the ®nite population size to the lower value occurs over about 50 generations and then varies considerably, even though the results given here are the average of 5000 replicates. Recovery, given a return to in®nite population size after the ®nite size, is like that for the bottleneck example and would occur fairly quickly.
How robust are these eects in the face of gene¯ow from the south? To obtain a general idea of the impact of gene¯ow, let us assume that s 1.0 (lethality) and x 1 1.0 (no polyembryony). The changes in genotypic frequencies are then
and
where m is the level of pollen gene¯ow from the south, p m and q m are the allelic frequencies of A 1 and A 2 in the migrant pollen from the south, and w is the sum of the right side of the equations when multiplied by w. Let us assume that the south is at equilibrium for S 0.083, h 0.02, and u 10 ±4 , so that q m 0.00157. If the level of gene¯ow from the south is low, say m 0.01 or less, then there is little impact on the frequency in the north, i.e. there is still a 32 to 33% dierence when there is a change in dominance, sel®ng or mutation, almost as large as the 34% without gene¯ow. When the gene¯ow is higher, say m 0.1, the impact is higher, but there is still approximately a 25% reduction from the south. It seems unlikely that the gene¯ow from the south would be this large and that most of the gene¯ow would be from some intermediate populations in which the allele frequency may also be intermediate between south and north. Overall, it appears that it would be quite possible to retain the observed dierence in inbreeding depression in the face of gene¯ow.
Discussion
In recent years, evidence of variation in the extent of inbreeding depression in related species and even in dierent populations of the same species has been accumulating. A number of evolutionary factors could potentially be involved in any such dierences but it is dicult to understand or predict their impacts without a detailed analytical or numerical examination. Here we have attempted to explain the higher number of lethal equivalents in southern Finland populations of Scots pine than in northern Finland populations, by determining the impact of dierences in eight dierent factors that could in¯uence the frequency of lethal or detrimental alleles. Similar systematic approaches should prove useful in other examples where there are genetic load dierences among related species or populations of the same species. For example, some other species of pines appear to have a low number of embryonic lethals (e.g. Williams & Savolainen, 1996) .
Before we discuss the apparent impact of the various factors in explaining the dierences in the estimated number of lethal equivalents in the south and north Finland populations of Scots pine, let us summarize several other ®ndings. First, the impact of polyembryony (two embryos per ovule) compared to one embryo is to increase the expected equilibrium frequency of lethal and detrimental alleles (as well as heterozygosity and number of lethal equivalents) by %41% when there is no sel®ng and %33.3% when the rate of sel®ng is greater than 0.05. This occurs because selection is somewhat relaxed against heterozygotes because polyembryony gives an additional opportunity to produce a viable embryo. Secondly, the expected level of heterozygosity for a recessive lethal when the sel®ng is greater than 0.05 with one embryo is %4u/S, and with two embryos is %16u/3S. Therefore, an increase in sel®ng or a decrease in mutation rate (above a certain level of sel®ng) results in a linear decrease in equilibrium heterozygosity. On the other hand, an increase in the level of sel®ng from S 0 to S 0.05 results in a large reduction in heterozygosity for all levels of polyembryony. Finally, an increase in the level of dominance from complete recessivity (h 0) to some selection against the heterozygote (say h 0.02) results in a substantial reduction in heterozygosity.
What is the most likely cause of the reduced genetic load in the northern populations? To preface the following discussion, it is entirely possible that several factors may combine to result in the reduction. Two factors, an increase in self-fertilization and increased selection against heterozygotes, stand out as explanations based on the theoretical examination here and the biological evidence (KaÈ rkkaÈ inen et al., 1996) .
The density of trees in the northern forests is less than that in the southern ones. In addition, pollen production in the north is less even and the quantities are lower than in the southern stands. Therefore, the average pollen production per square metre is three times lower in the northern forests than in the southern populations (Koski & Tallqvist, 1978) . In wind-pollinated plants, the rate of self-fertilization is assumed to be higher when the concentration of self pollen is higher around the individual (mass-action assumption, see Ziehe & Gregorius, 1988; Holsinger, 1991) . Lower pollen production in the north can thus be a reasonable explanation for an increase in observed rate of primary self-fertilization in the north (from 0.083 to 0.192) and this dierence, based on our theoretical examination, is more than enough to result in the dierence in the genetic load in the two populations.
The northern populations grow in much more harsh environmental conditions where, for example, the growing season is signi®cantly shorter than in the south (mean annual temperature sum is 1100±1300 degrees in the south and less than 900 degrees in the north, Harju et al., 1996) . Because of the short growing season in the north, seed maturation in particular is a great problem in most years, whereas the growing season in the south is long enough for complete seed maturation nearly every year. If embryonic lethals even slightly reduced the rate of seed development as heterozygotes, then this would be of little selective signi®cance in the south but would be of great selective importance in the north, eectively resulting in complete recessivity in the south and h > 0 in the north. As shown theoretically above, a small increase in dominance from h 0.02 in the south to h 0.054 in the north would be enough to explain the dierence in inbreeding depression.
Although other factors may explain the dierences between the south and north, they all seem less likely. For example, there have been no indications that the mutation rate would be lower in the north. Given that the north is a very stressful environment, it could be suggested that the mutation rate would be higher there. Or if the mutation rate is a function of the number of cell divisions per generation, fewer cell divisions per generation in the north could be the cause, but there is also no evidence of this. Although a sel®ng pulse of ®ve generations with S 0.30 does not seem very extreme if the estimated primary sel®ng rate in the north is 0.192, the eect of such a pulse is ephemeral and would have had to have occurred in the past 10 generations or so for its eects to be still present. Scots pine forms large, nearly continuous populations over much of Finland and the very high gene¯ow from pollen results in a large eective population size with little dierentiation from south to north for neutral markers (Muona, 1990; Karhu et al., 1996) . On the other hand, strong selective dierences can result in dierentiation in spite of this extensive gene¯ow (Karhu et al., 1996) . In other words, it seems quite unlikely that the eective population size is as little as 125 when there are several hundred or more adult Scots pines per hectare over millions of hectares in Finland. Similarly, it seems quite unlikely that there could have been a recent bottleneck of three individuals for ®ve generations in the recent past. Even if this did happen, the gene¯ow should erase such a random event fairly quickly (gene¯ow should have a similar eect on a sel®ng pulse). Finally, much stronger selection against homozygotes could also result in the observed reduction. However, the proportional change is more than 12 times as large as the change necessary in the ®tness of the heterozygotes to have the same eect. The eect of biparental inbreeding has not been examined here because there is little family structure in pines (Epperson & Allard, 1989; Latta & Mitton, 1997) .
